Background: RB family protein abundance is dynamic and sensitive to growth conditions. Results: RB family turnover is mediated by C-terminal degrons in a process that is phosphorylation-sensitive. Conclusion: The RB family degrons are important regulatory domains linking stability and transcriptional potency. Significance: Dual control of stability and potency by RB family degrons may contribute to embryonic development.
The retinoblastoma (RB) tumor suppressor and related family of proteins play critical roles in development through their regulation of genes involved in cell fate. Multiple regulatory pathways impact RB function, including the ubiquitin-proteasome system with deregulated RB destruction frequently associated with pathogenesis. With the current study we explored the mechanisms connecting proteasome-mediated turnover of the RB family to the regulation of repressor activity. We find that steady state levels of all RB family members, RB, p107, and p130, were diminished during embryonic stem cell differentiation concomitant with their target gene acquisition. Proteasome-dependent turnover of the RB family is mediated by distinct and autonomously acting instability elements (IE) located in their C-terminal regulatory domains in a process that is sensitive to cyclin-dependent kinase (CDK4) perturbation. The IE regions include motifs that contribute to E2F-DP transcription factor interaction, and consistently, p107 and p130 repressor potency was reduced by IE deletion. The juxtaposition of degron sequences and E2F interaction motifs appears to be a conserved feature across the RB family, suggesting the potential for repressor ubiquitination and specific target gene regulation. These findings establish a mechanistic link between regulation of RB family repressor potency and the ubiquitin-proteasome system.
The retinoblastoma (RB) 5 tumor suppressor regulates cell fate through its governance of distinct gene sets that promote cell division, differentiation, and apoptosis (1, 2) . RB is related to two other family members, p107 and p130, that share substantial structural conservation along with some overlapping function in target gene regulation (3) (4) (5) (6) . Although not as tightly linked to tumor suppression as RB, tumor suppressive capacity has been assigned to these other family members in some contexts. In mouse studies, RB-deficient mice were prone to pituitary tumor formation (7) , whereas mice deficient for RB and p107 or p130 developed retinoblastoma (8, 9) , suggesting that p107 and p130 can influence tissue specific predisposition toward tumor development. Similarly, conditional loss of p130 in adult lung epithelial cells in a RB Ϫ/Ϫ
/p53
Ϫ/Ϫ null background enhanced development of small cell lung carcinoma (10) . Thus, all three RB family members can act as tumor suppressors in specific contexts.
In their roles as tumor suppressors, RB family members predominately function as transcriptional repressors of target genes through their antagonism of the E2F-DP family of transcription factors (11, 12) . Recent evidence suggests that RB also plays a positive role in transcriptional activation of some proapoptotic response genes, again in a mechanism requiring E2F activity (13) , although RB may also induce apoptosis through a mechanism that is independent of transcription (14) . In this scenario, RB-mediated tumor suppression is enabled through blockade of gene products necessary for cell growth with concomitant invocation of cell death pathways. As key regulators of cell fate, the RB family is tightly controlled by CDK-mediated phosphorylation in response to environmental conditions (15) (16) (17) . Hypo-phosphorylated RB interacts with E2F1-DP1 (18) , blocking activated transcription of cell cycle genes involved in DNA replication and S-phase progression (11, 12) . In response to mitogenic signals, serial phosphorylation via cyclin D-CDK 4/6 and cyclin E-CDK2 renders RB family members inactive by disengaging their association with E2F complexes (19 -22) . Cyclin-CDK activity is also critically regulated during early steps in normal embryonic development (23) . Rapidly dividing pluripotent embryonic stem (ES) cells of the early developing embryo employ constitutive CDK-mediated inhibition of RB proteins as a mechanism to maintain rapid cell division during blastocyst formation (24 -26) . As ES cells differentiate, CDK activity plummets, allowing RB family proteins to regulate E2F activity in a cell cycle-dependent manner (26, 27) . Despite this unifying model for cyclin-CDK regulation, there are significant differences in the coordination of RB family member activities and steady state levels. For example, RB and p107 are active in cycling cells, whereas p130 functions predominately in quiescent cells that have exited from the cell cycle. Experiments performed with staged cells showed that steady state p130 levels peak in G 0 , in contrast to RB and p107, which increase as cells progress through G 1 (28, 29) . Consistently, CDK4 activity has opposite effects on p107 and p130 steady state levels; inhibition of the enzyme leads to diminished levels of p107 and higher levels of p130 (30) . Thus, RB family member activity and stability clearly respond differently to cyclin-CDK signaling during cell cycle progression. However, the mechanisms that link regulation of RB family activity to their turnover are poorly understood.
Previous studies from our laboratory showed that the Drosophila melanogaster RB homologue Rbf1 is subjected to proteasome-mediated turnover during embryonic development (31, 32) . We further demonstrated that Rbf1 turnover is influenced by an "instability element" (IE) located within its C-terminal regulatory domain. Importantly, the IE region is also critical for full repressor potency for some cell cycle-regulated genes but not for non-canonical targets whose expression is not usually integrated with the cell cycle (31, 33) . Interestingly, Rbf1 ubiquitination also enhanced specific activity at select cell cycle target genes (33) , suggesting that the potency of the repressor at specific genes and overall Rbf1 stability are coordinated. The IE region is well conserved within the mammalian p107 and p130 factors, and we hypothesized that the activity of mammalian RB family members may also be coordinated via integration of the cyclin-CDK signaling pathway with the ubiquitin-proteasome system. We demonstrate here that this regulatory mechanism is indeed shared among the human RB family proteins. The IE regions within the RB, p107, and p130 C-terminal domains negatively regulate repressor stability through a cyclin-CDK-responsive proteasome-dependent pathway and contribute to effective gene repression. These findings indicate that an evolutionarily conserved regulatory pathway links stability and potency for the mammalian RB family.
Materials and Methods
Expression Constructs-Expression plasmids encoding mutant forms of human RB, p107, and p130 were obtained by site-directed mutagenesis of the pCMV-GFP-RB, pCMV-GFPp107, and pCMV-GFP-p130 parental plasmids (34) . To generate GFP fusion proteins, PCR-amplified instability elements from RB (residues 786 -864), p107 (residues 964 -1024), and p130 (residues 1035-1095) were fused in-frame between the HindIII and KpnI sites of pEGFP-C3 (Clontech). All plasmids were verified by sequencing for the desired mutation.
ES Cell Culture, Differentiation, and ImmunofluorescenceMouse R1 ES cells were obtained from American Type Culture Collection (Manassas, VA) and cultured on mitomycin-treated mouse embryonic fibroblasts in medium containing high glucose DMEM supplemented with fetal calf serum, leukemia inhibitory factor (LIF), L-glutamine, nonessential amino acids, and ␤-mercaptoethanol. J1-ES cells and the RB Ϫ/Ϫ , p107
Ϫ/Ϫ triple knock out (TKO) ES cells were a kind gift from Julien Sage (35) . For ES cell differentiation, cells were plated on gelatin-coated plates to eliminate contaminating mouse embryonic fibroblasts. Differentiation was induced by growing cells in the presence of 10 M retinoic acid (R2625, Sigma) for 72 h. Control cells were treated with DMSO for a similar time. For immunofluorescence analysis, ES cells were grown on LabTek II chamber slides (Nalge Nunc International, Naperville, IL) under similar conditions, and differentiation was induced as discussed above. Cells were fixed in 3.7% freshly made paraformaldehyde for 20 min and washed 3 times in wash buffer (phosphate-buffered saline (PBS), pH 7.4, 0.1% BSA, and 0.01% Tween 20) . Cells were permeabilized in PBS containing 0.1% Triton X-100 for 15 min, washed, and blocked for 1 h at room temperature in blocking solution (PBS, pH 7.4, 1% BSA, and 0.01% Tween 20) . Cells were incubated in primary antibody against anti-RB (G3245, mouse monoclonal, 1:100; BD Pharmingen), anti-p107 (SC-318, rabbit polyclonal, 1:100, Santa Cruz Biotechnology), or anti-p130 (SC-317, rabbit polyclonal, 1:100, Santa Cruz Biotechnology) in blocking buffer either overnight at 4°C (Fig. 1, A-C) or for 2 h at room temperature (Fig. 1, D-F) . After three washes in wash buffer, cells were incubated in secondary antibody (Alexa Fluor 488 goat antirabbit A11008, Alexa Fluor 488 goat anti-mouse A11001; Life Technologies) for 1 h. After three washes in wash buffer, slides were mounted with Vectashield mounting media containing DAPI (Vector Laboratories Inc., Burlingame, CA). Images were obtained using an Olympus Fluoview 1000 filter-based laser scanning confocal microscope.
Chromatin Immunoprecipitation-ES cells were grown on T-125 flasks and treated with either DMSO or 10 M retinoic acid (RA; R2625, Sigma) for 3 days. Cells were washed in PBS, trypsinized, suspended in DMEM, and cross-linked with 1% formaldehyde for 18 h at 4°C. Cells were then pelleted, washed with PBS, and flash-frozen in liquid nitrogen. Soluble chromatin was prepared as previously described (36) . Chromatinbound protein complexes were immunoprecipitated in low salt buffer (20 mM Tris HCl, pH 8.1, 2 mM EDTA, 150 mM NaCl, 0.1% SDS, 1% Triton X 100) using 5 g of anti-RB (G3245, BD Biosciences) or anti-p107 (SC-318) or anti-p130 (SC-317) or 5 g of rabbit nonspecific IgG (Millipore). Chromatin-antibody complexes were isolated using 50 l of protein G Dynabeads (Life Technologies). Beads were washed once each in low salt buffer, high salt buffer (20 mM Tris HCl, pH 8.1, 2 mM EDTA, 500 mM NaCl, 0.1% SDS, 1% Triton X 100), LiCl buffer (10 mM Tris HCl, pH 8.1, 1 mM EDTA, 250 mM LiCl, 1% deoxycholate, 1% IGEPAL630), and twice with TE buffer (10 mM Tris HCl, pH 8.1, 1 mM EDTA). Chromatin-antibody complexes were eluted from the beads in 200 l of elution buffer (100 mM NaHCO 3 , 1% SDS) at 65°C for 30 min with occasional vortexing. Cross-linking was reversed by the addition of 8 l of 5 M NaCl and incubation overnight at 65°C. Extracts were then treated with 1 l of RNase A (10 mg/ml) for 1 h. Subsequently, 13 l of proteinase K buffer (8 l of 1 M Tris, pH 6.8, 4 l of 0.5 M EDTA and 1 l of proteinase K (10 mg/ml) were added, and samples were incubated for an additional 1.5 h at 45°C. Associated DNA was purified using QIAquick PCR purification kit (Qiagen, Valencia, CA). Quantitative real-time PCR was performed on input DNA and antibody-specific ChIP DNA using SYBR Green Master Mix reagents with an ABI Step one plus thermocycler (Applied Biosystems, Foster City, CA) detection system. Enrichment of RB family members at target gene promoters was examined using primers spanning known E2F binding sites at the murine CCNA2 and MCM10 loci. An intergenic region on mouse chromosome 6 was used as a negative control. Primer sequences were as follows: CCNA2-F, AATAGTCGC-GGGCTACTTGA; CCNA2-R, GAGCGTAGAGCCCAG- (10) and SYBR Green Master Mix reagents with an ABI Step one plus thermocycler (Applied Biosystems) detection system. Primers sequences were as follows: RB-F, GCTTGGCTAACTTGGGAG; RB-R, CAAC-TGCTGCGATAAAGATG; p107-F, CCGAAGCCCTGGAT-GACTT; p107-R, GCATGCCAGCCAGTGTATAACTT; p130-F, AAGGCACATGCTAACCAATGAA; p130-R, GAGC-AGTTACCGCAGCATGA. Transcript levels were measured using Taqman probes (Applied Biosystems) for Pou5f1 (Mm03053917_g1), Nanog (Mm02019550_s1), and the eukaryotic elongation factor 1a1 (Mm01966122_u1) as an endogenous control. Relative gene expression was measured by the 2 Ϫ⌬⌬CT method (37) . Human Cell Culture, Transfection, and Drug TreatmentsTo determine the effect of CDK4 inhibition on endogenous RB family stability, ϳ5 ϫ 10 5 U2OS cells were grown for 48 h in DMEM containing 10% fetal bovine serum and penicillinstreptomycin. Cells were then treated with 1 M PD0332991 (Selleck Chemicals, Houston, TX) and cultured for an additional 24 h with or without 1 M MG132 for the last 6 h. Cells were harvested, and the pellet was snap-frozen in liquid nitrogen. Cell extracts were prepared in lysis buffer (50 mM Tris HCl, pH 8.0, 150 mM NaCl, 1% Triton X-100), and the total protein concentration determined using the Bradford assay. Equal amounts of whole cell extracts (50 g) were separated by 12.5% SDS-PAGE and transferred to nitrocellulose membranes for Western analyses. Endogenous proteins were detected by using the following antibodies: anti-RB (G3245, mouse monoclonal, 1:1,000, BD Pharmingen), anti-p107 (SC-318, rabbit polyclonal, 1:1,000, Santa Cruz Biotechnology), anti-p130 (610261, mouse monoclonal, 1:1000, BD Biosciences), anti-tubulin (mouse monoclonal, 1:20,000, Iowa Hybridoma Bank), and anti-actin (A5441, mouse monoclonal, 1:10,000, Sigma). In Fig. 2B, p130 was detected using the rabbit polyclonal antibody (SC-317, rabbit polyclonal, Santa Cruz Biotechnology). All antibody incubations were performed in 5% milk in TBST (20 mM Tris HCl, pH 7.5, 120 mM NaCl, 0.1% Tween 20). Blots were developed using peroxidase-conjugated goat anti-rabbit or goat anti-mouse secondary antibodies as appropriate (1:5000, Thermo Scientific, Waltham, MA) and SuperSignal West Pico Chemiluminescent substrate (Thermo Scientific). To measure the effect of CDK4 inhibition on recombinant RB family proteins, ϳ5 ϫ 10 5 U2OS cells were cultured for 24 h before transfection with GFPtagged full-length or ⌬IE mutant constructs using Nanojuice transfection reagent (Novagen, EMD Chemicals, San Diego, CA). 24 h after transfection, cells were treated with 1 M PD0332991 for an additional 24 h. Western analysis was per- , and p130 mRNA transcripts upon differentiation (ϩRA/ϪRA). RB and p107 mRNA levels increased modestly after differentiation, whereas p130 levels were modestly reduced. Transcript levels of Nanog and Pou5f1 (Oct4) were reduced after RA treatment, as expected. D, p107 and p130 association at target promoters is stimulated during RA-induced differentiation. Chromatin immunoprecipitation assays were performed with the indicated antibodies to determine enrichment of RB, p107, and p130 on the CCNA2 and MCM10 promoters before and after RA treatment. After differentiation, CCNA2 start site (TSS) DNA was significantly enriched in both the p107 and p130 immunoprecipitated samples (n ϭ 6, p Ͻ 0.05), whereas enrichment of the MCM10 promoter was observed only during p107 immunoprecipitation (n ϭ 6, p Ͻ 0.05). Under these conditions no significant enrichment of any loci was observed for the anti-RB immunoprecipitated samples nor was enrichment observed with species-matched IgG control antibodies. Amplification of an intergenic region on mouse chromosome 6 was performed as an additional negative control.
formed as above using anti-GFP antibodies (SC-9996, mouse monoclonal, 1:1000, Santa Cruz Biotechnology). Stability Assays-The steady state abundance of GFP-tagged full-length, ⌬IE, and 4KRA proteins ( Fig. 3 ) was determined by Western blot analyses as described above. To determine the relative stability of GFP and GFP fused to the RB family instability elements, transfected cells were treated with 100 M cycloheximide 40 h after transfection, and samples were harvested at 3, 6, and 9 h post treatment. For proteasome inhibitor treatments in Figs. 4B and 5A, cells were treated with DMSO or 1 M MG132 for 24 h.
Luciferase Reporter Assay-U2OS cells were transfected using with Nanojuice transfection reagent as described above. Typically 5 ϫ 10 5 cells were transfected with 100 ng of a human cyclin A promoter-driven luciferase reporter (human cyclin A promoter (Ϫ89 to ϩ11 (38)), 50 ng of pRL-CMV Renilla luciferase reporter (Promega), and 500 ng of plasmid expressing the GFP-tagged effector proteins. After 48 h, cells were harvested, and luciferase activity was measured using the Dual-Glo Luciferase assay system (Promega) and Veritas microplate luminometer (Turner Biosystems). Firefly luciferase activity was normalized to Renilla luciferase reading. Luciferase measurements were made in triplicate, and at least three biological experiments were performed.
Structural Homology Modeling-Structure homology modeling of the p130 IE in complex with the E2F4-DP1 was performed using SWISS-MODEL (39). The crystal structure of the RB C-terminal domain bound to an E2F1-DP1 heterodimer (PDB code 2AZE) (40) was used to generate the homology model.
Results

Regulation of RB, p107, and p130 Localization and Stability in Mouse Embryonic Stem Cells-Previous studies in
Drosophila suggested that Rbf1 turnover and function are linked during embryonic development (31, 32) . We, therefore, examined the behavior of mammalian RB family members in pluripotent selfrenewing mouse ES cells before and after differentiation. RB function is limited in ES cells due to elevated cyclin-CDK activity but is established at the onset of differentiation in part due to down-regulation of cyclin-CDK kinase complexes (23, 27) . Thus, these cells offer a useful system to examine regulation of the RB family as members are mobilized to gene promoters in response to dynamic CDK activity during development. In these experiments ES cells were cultured on mitotically inactive embryonic fibroblasts in the presence of LIF to sustain their self-renewing potential or in the presence of RA to induce differentiation, and the effect on RB, p107, and p130 was first examined by immunofluorescence analyses. In undifferentiated R1-ES cells, RB and p107 exhibited predominate cytoplasmic staining, which shifted to a stronger nuclear pattern after RA treatment (Fig. 1, A and B) . In contrast, p130 was detected in the nuclear compartment both before and after RA-induced differentiation (Fig. 1C) . To control for antibody specificity, RB family staining in WT J1-ES was compared with TKO ES cells under identical imaging conditions, showing that RB and p107 were preferentially detected in the WT-ES cells (Fig. 1, D and  E) . The pattern for RB subcellular localization was similar for both R1-ES and J1-ES cells with increased nuclear retention observed after RA challenge (see also Fig. 1H ). However, the strong cytoplasmic staining for p107 was muted in J1-ES cells, and nuclear staining was observed both before and after RA treatment. Unexpectedly, p130 was equivalently detected in the nuclei of both WT and TKO ES cells (Fig. 1F) . In Western blot analyses, we also detected anti-p130-reactive species in both WT and TKO cells (Fig. 1G ) and using multiple antibodies that recognize distinct epitopes (not shown), whereas RB and p107 were detected only in WT but not TKO ES cells, confirming specificity for these antibodies. Based on these findings, we conclude that RB and p107 can exhibit differential subcellular localization in response to induced differentiation.
During the execution of these experiments, we frequently observed that the staining intensity of endogenous RB family members was reduced after RA treatment. These differences are not obvious in Fig. 1 , A--C, because the relative luminosity of the images before and after differentiation was normalized. However, reduced RB expression after RA treatment is noticeable for the experiment presented in Fig. 1D wherein the images were acquired using identical parameters, suggesting that ES differentiation is correlated with reduced steady state expression. Variation in RB family abundance has been observed during cell cycle progression (24, 28, 29, 41) ; therefore, we considered that RB family levels during differentiation might be associated with the differing cell cycle profiles for pluripotent ES cells compared with cells undergoing differentiation. As shown in Fig. 2A , the proportion of cells in G 1 indeed increased concomitant with a diminished S-phase population in differentiated ES cells, consistent with tight relationship between RB family levels and cell cycle progression.
Our previous studies in Drosophila further demonstrated that Rbf1 is less stable in its active state (31, 42) , and we surmised that mammalian RB family proteins likewise become destabilized as they engage target genes in differentiating cells during G 1 phase. To test this hypothesis, the levels of RB family proteins before and after RA treatment were compared with their genomic binding at endogenous target genes. Levels in ES cells were also compared with those in MCF-7 breast adenocarcinoma cells as a positive control for RB family members and as a negative control for the stem cell marker Oct-4. As shown in Fig. 2B , Oct-4 expression was significantly reduced by RA treatment, in line with the expected changes for this molecular marker of pluripotency. Consistent with the reduced RB family staining that we previously noted using confocal microscopy, the steady state abundances of all three family members were clearly reduced after RA-induced differentiation as observed by direct Western blot assay. In two replicates, RB levels were reduced by 69%, whereas levels of p107 and p130 were reduced by 64 and 46%, respectively. The decrease in RB family protein levels was not due to a change in transcription or RNA stability because steady state mRNA levels were either unaffected by RA treatment, such as for p130, or were modestly stimulated, such as for p107 and RB (Fig. 2C) . Nanog and Pou5f1 (Oct-4) expression were significantly reduced during differentiation as expected. These results point to a post-translational mechanism for RB family regulation, such as through proteasome mediated turnover pathway. To examine this possibility we treated pluripotent ES cells and RA-differentiated cells with the proteasome inhibitor MG132. However, proteasome inhibition induced substantial cell death for both pluripotent and differentiated ES cells (not shown), precluding direct assessment of proteasome involvement for RB family turnover in these cells.
Next we determined whether the observed changes in cell cycle arrest and RB family localization during differentiation could be correlated with repressor binding at target gene promoters as one measure of function. To this end we measured RB family occupancy on a set of well characterized E2F-dependent promoters that were demonstrated to be RB family target genes (5, 6) and whose expression was affected by RB family loss in ES cells (43) . As shown in Fig. 2D , increased promoter binding by p107 and p130 was correlated with RA-induced differentiation and cell cycle arrest. Interestingly, p107 and p130 exhibited distinct gene association, as both were bound to the CCNA2, A, the p107 IE contributes to reduced steady expression of GFP. GFP fluorescence was measured in U2OS cells transfected with GFP alone or the GFP-IE p107 chimera containing GFP fused to residues 964 -1024, corresponding to the p107 instability element. Cells were counterstained with DAPI to detect cellular DNA, and overlays (OL) of the GFP and DAPI signals are shown. GFP-IE p107 showed much reduced expression as compared with GFP in most, but not all, cells. B, GFP-IE p107 and GFP-IE p130 steady state expression is enhanced by proteasome inhibition. Anti-GFP Western blot analysis was performed on whole cell extracts derived from U2OS cells transfected with GFP (lanes 1 and 2) , GFP-IE p107 (lanes 3 and 4) or GFP-IE p130 containing GFP fused to residues 1035-1095 corresponding to the p130 instability element (lanes 5 and 6) in the absence or presence of MG132 as indicated. Whereas GFP remained insensitive to the proteasome inhibition, the GFP-IE fusion proteins accumulated to higher levels during MG132 treatment, suggesting the involvement of the instability element in proteasome-mediated turnover. Actin was detected as a loading control and was refractory to proteasome inhibition. C, conserved positively charged amino acids contribute to autonomous IE function. Anti-GFP Western blot analysis was performed on cells extracts transfected with either wild type GFP-IE p107 (lane 2) or mutant GFP-IE p107 containing alanine substitutions of four positively charged resides within the IE (lane 3). Similar analysis was performed for wild type GFP-IE p130 (lanes 5 and 8) and mutant GFP-IE p130 (lanes 6 and 9). In all cases the GFP chimeras containing the wild type IE sequences were expressed at lower levels than GFP alone (lanes 1, 4, and 7) , whereas alanine substitution within the IE resulted in increased steady state expression. The effect of alanine substitutions on GFP-IE p130 was more evident at a higher exposure of the same blot (lane 8 versus lane 9). Actin was detected as a loading control. D and E, the p107 and p130 instability elements contribute to enhanced protein turnover. Anti-GFP Western analyses was performed on cells expressing either GFP or the wild type GFP-IE chimeras incubated in the presence of the translation inhibitor cycloheximide (CHX) for 0, 3, 6, or 9 h as indicated. GFP exhibited a half-life Ͼ9 h, whereas the half-lives of the GFP-IE chimeras were Ͻ3 h. Actin was detected as a loading control, and its levels remained unperturbed by cycloheximide treatment. 2) or GFP-IE RB containing GFP fused to residues 786 -864 from human RB (lanes 3 and 4) in the absence or presence of the proteasome inhibitor MG132 as indicated. Actin was detected as a loading control. In these experiments the GFP-IE RB chimera was expressed at much lower levels than GFP alone. GFP-IE RB expression was also enhanced during proteasome inhibition. B, the RB IE region contributes to enhanced substrate turnover. Cycloheximide (CHX) experiments were performed as described previously, demonstrating that the GFP-IE RB chimera exhibited diminished stability (t1 ⁄2 Ͻ 3 h) as compared with GFP (t1 ⁄2 Ͼ 9 h). Actin was used as a loading control, and its levels remained unperturbed by cycloheximide treatment during the course of this experiment.
TK1, and E2F1 loci (Fig. 2D and data not shown) , whereas only p107 but not p130 was associated with the MCM10 locus. Finally, our data provide some evidence for differential binding by RB family members depending upon cell type. Specifically, p130 was not associated at the MCM10 locus in ES cells even though it had been detected at this locus in other cell types (6) . We also did not observe RB association at any of these target genes, although we have routinely used this antibody to detect RB binding in other cell types (44), and we cannot conclude whether the lack of RB binding in these experiments is biologically relevant. The lack of RB signal at these cell cycle loci, otherwise bound by p107 and/or p130, is consistent with data previously published using T98G cells (5) . Interestingly, the current observations indicate that p107 levels drop during differentiation even as there is increased residency at target genes. Unlike p107, increased p130 presence at target promoters and its diminished expression upon differentiation are independent of any changes in subcellular localization, suggesting that turnover regulation is probably not coupled to nuclear transport processes.
The RB Family C-terminal Regulatory Domains Influence Repressor Stability-We next considered a model that signaling mechanisms governing mammalian RB family activity are involved in regulation of repressor turnover. In Drosophila, the Rbf1 homolog harbors an IE within its C-terminal domain that contributes to both repressor activity and destruction (31, 33) . As indicated by the alignments shown in Fig. 3, A and B, just such a sequence is clearly identifiable within the C-terminal regions of both p107 and p130. RB exhibits substantial sequence differences throughout this region. Nonetheless, previous studies demonstrated that the RB C-terminal region is structurally related to p107, and thus, this region might likewise participate in both repression and turnover. Within RB, the IE can be subdivided into two regions previously called the RBC NTer and RBC Core , which are important for specific interactions with the marked box domains of the E2F1-DP1 complex (see Fig. 3A and Ref. 40 ). The RBC NTer region can also interact with the MDM2 E3 ubiquitin ligase (45) , suggesting that the corresponding IE region within RB similarly coordinates repressor stability. To test whether the IE regions are important for regulation of RB family turnover, we deleted these regions from RB, p107, and p130 and examined the effect on steady state expression during transient transfection in U2OS cells. These cells were chosen because we could achieve more efficient and reliable transfection in this system than in ES cells. Moreover, U2OS cells do not express the p16 CDK inhibitor (46, 47) ; hence, these cells exhibit unrestrained cyclin-CDK activity, analogously to ES cells (25) . As shown in Fig. 3C , deletion of the RBC NTer region (⌬786 -800) alone, harboring the putative MDM2 binding site, did not affect RB steady state levels. In contrast, mutant RB lacking both the RBC NTer plus RBC Core regions (RB⌬786 -864) exhibited a significant elevation in steady state abundance. Thus, the IE region within RB negatively influences repressor abundance.
The C-terminal regulatory regions from p107 and p130 are less well characterized than for RB, and yet these proteins clearly exhibit the highest homology to the Drosophila Rbf1 IE region, as noted previously. Therefore, a more detailed analysis of these family members was undertaken. As shown in Fig. 3D , IE deletion from GFP-tagged p107 increased steady state expression. Similarly, GFP-p107 abundance was increased by alanine substitution of four conserved lysine and arginine residues within the p107 IE region (GFP-p107 4KRA ) that were previously shown to influence Rbf1 half-life. As observed for p107, deletion of the IE region in GFP-p130 resulted in an even more profound -fold increase in abundance, a result that was mirrored by the corresponding 4KR to Ala (A) substitution (Fig.  3E) . Ablating E2F-DP interaction by deletion of the entire p130 A/B pocket domain did not affect steady state expression, suggesting that E2F-DP association per se does not modulate p130 abundance. Moreover, IE deletion did not affect the nuclear accumulationofeitherp107orp130asobservedbyimmunofluo-rescence assay (data not shown). The quantification of the effects of IE deletion on RB family abundance is summarized in Fig. 3F . The effects of IE deletion were similar in magnitude for RB and p107, showing an increase of 2.4-fold (n ϭ 5, p Ͻ 0.05) and 2.8-fold (n ϭ 7, p Ͻ 0.05), respectively, whereas p130 abundance was increased 8.8-fold (n ϭ 3, p Ͻ 0.05). Together, these data demonstrate that all three mammalian RB family members harbor C-terminal regulatory domains that contribute to their reduced steady state expression.
RB family members lacking their IE regions exhibited increased steady state abundance; therefore, we hypothesized that the IE-containing regions function as degradation signals or degrons to direct destruction of their cognate proteins. To test whether the Rbf1-related IE regions within p107 and p130 are sufficient for autonomous recognition and target protein degradation by the ubiquitin proteasome system, these regions were appended to GFP, and the effect on chimera protein abundance was examined. As shown by the immunofluorescence data presented in Fig. 4A , the GFP-IE p107 chimera was expressed at reduced levels in most, but not all cells when directly compared with GFP. The total numbers of transfected cells were similar for both constructs, as assessed by scoring the number of GFP-positive cells independently of fluorescence intensity. These analyses indicate that the major difference in steady state abundance is likely due to reduced accumulation rather than differential transfection efficiency. The GFP-IE chimeras containing either the p107 or p130 IE regions were also markedly diminished compared with GFP alone in Western blot analyses (Fig. 4B) . MG132 treatment increased the steady state abundance of both GFP-IE p107 and GFP-IE p130 , whereas GFP levels were unaffected, consistent with the model that the p107 and p130 IE regions facilitate degradation by the proteasome. Significantly, alanine substitution of key lysine and arginine residues that affected p107 and p130 expression in the context of the full-length proteins also led to elevated steady state levels of the GFP-IE chimeras (Fig. 4C) . These data also indicate that the cellular degradation machinery does not require additional interactions with other domains for turnover activity. Nonetheless, neither proteasome inhibition by MG132 nor IE mutation in this context restored expression to levels observed for GFP alone, suggesting that other unidentified features contribute to regulation of degron activity. We next treated cells with cycloheximide to test whether the reduced levels of GFP-IE fusion proteins were indeed a function of accelerated turnover. The measured stabilities of the GFP-IE chimeras were substantially lower, demonstrating that these effects are directed toward protein turnover (Fig. 4, D and E) . Together, these studies define these canonical IE regions as independently acting degrons that are capable of directing substrate degradation by the proteasome.
The canonical IE regions from p107 and p130 differ from RB at the primary sequence level. However, structure prediction analysis suggested that these regions may be conserved at the tertiary level, and thus we next tested the ability of the noncanonical RB-IE region to function as a degron. As shown in Fig. 5A , GFP appended with the RB-IE was expressed at a substantially lower level than GFP, and levels were increased by MG132 treatment, suggesting that this region is a bona fide degron. Cycloheximide treatment demonstrated that the RBderived IE was also destabilizing (Fig. 5B) , as previously noted for the canonical p107 and p130 IE constructs. We conclude that the RBC NTer and RBC Core regions together constitute a functional degron.
RB family members are differentially expressed during cell cycle progression with low levels of RB and p107 during G 0 or early G 1 and increasing levels as cells progress toward late G 1 /S (29, 48) . In contrast, p130 is typically expressed at its highest levels during G 0 but at reduced levels at other stages. These differences suggest that cyclin-CDK activity may be key for regulation of RB family protein levels. At least for p130, proteasome-mediated turnover is known to contribute to cell cycleassociated changes (28, 29) . To assess the potential role of the IE in this process, we first measured the effect of CDK4 inhibition by PD0332991 on endogenous RB family members in asynchronously dividing U2OS cells. As shown in Fig. 6A, p107 and RB levels were markedly diminished after CDK4 inhibition, whereas endogenous p130 levels were significantly increased. These data are consistent with the divergent regulation of the RB family during cell cycle progression in staged cells (28, 29) and with experiments testing the effect of PD0332991 in asynchronously dividing hepatocellular carcinoma cells (30) . Moreover, levels of p107 and p130 were significantly increased during a short duration (6 h) of MG132 treatment, whereas RB levels were modestly diminished. These data indicate that endogenous p107 and p130 are subjected to proteasome-mediated turnover under these growth conditions. Secondly, RB is either not subjected to proteasome turnover or MG132-induced RB turnover via a proteasome-independent pathway. --+ -+ -+ + FIGURE 6. RB and p107 destabilization during CDK4 inhibition is dependent upon instability element function. A, CDK4 inhibition differentially affects steady state expression of endogenous RB, p107, and p130. Western blot (IB) analysis was performed to detect endogenous RB, p107, and p130 in whole cell extracts derived from U2OS cells treated with DMSO (lanes 1), MG132 (lane 2), the CDK4-specific inhibitor PD0332991 (PD, lane 3), or PD0332991 plus MG132 (lane 4). Proteasome inhibition by MG132 (6 h) increased steady state abundance of p107 and p130 by 90 and 30%, respectively, as compared with the DMSO-treated samples (n ϭ 3, p Ͻ 0.05), whereas RB abundance decreased by 15% (n ϭ 2, p Ͻ 0.05). The steady state expression of both RB and p107 were reduced by 80% during PD treatment as compared with the DMSO treated samples (n ϭ 5, p Ͻ 0.05), whereas p130 expression was increased by 49% (n ϭ 7, p Ͻ 0.05). The PD-induced downregulation of p107, but not RB, could be restored by MG132 to levels comparable to the DMSO control. Actin as used as a loading control, and its levels remained unperturbed by PD or MG132 treatment. B, p107 destabilization during CDK4 inhibition requires IE function. Western blots analysis was performed on U2OS cells that expressed wild type GFP-p107 (lanes 1-3) or mutant GFP-p107⌬IE (lanes 4 -6) in the absence or presence of PD0332991, as indicated. In response to CDK4 inhibition, wild type GFP-p107 levels were reduced by 68% as compared with the DMSO control (n ϭ 3, p Ͻ 0.05), whereas the levels of p107 lacking the instability element were modestly reduced (18%) as compared with the DMSO control (n ϭ 3, p Ͻ 0.05). C, RB destabilization during CDK4 inhibition requires IE function. Western blot analyses were performed as above, showing that wild type GFP-RB levels were reduced by 66% in response to PD as compared with the DMSO control (n ϭ 3, p Ͻ 0.05), whereas steady state expression of GFP-RB⌬IE was increased by 82% compared with the DMSO control samples (n ϭ 3, p Ͻ 0.05). D, p130 destabilization during CDK4 inhibition does not require IE function. Western blot analyses were performed as above, showing that both wild type GFP-p130 and GFP-p130⌬IE were destabilized to similar extents during PD0332991 treatment. On average, the levels of both proteins were decreased by 92% in response to PD as compared with DMSO control (n ϭ 3, p Ͻ 0.05). Actin was used as a loading control in panels B-D.
Interestingly, levels of p107, but not RB, were rescued by proteasome blockade during CDK4 inhibition (PDϩMG132), suggesting that CDK4-mediated phosphorylation of p107 prevents its proteasome-mediated turnover. In contrast, concomitant proteasome and CDK4 inhibition did not affect p130 levels compared with that observed for PD alone, suggesting that hypophosphorylated p130 is not a substrate for ubiquitin-mediated degradation, as described previously (29) . We next tested whether the IE is essential for the observed destabilization of p107 by examining the effect of CDK4 inhibition on wild type and mutant p107 lacking the IE in transiently transfected cells. Indeed, PD0332991 treatment destabilized the wild type but not the p107⌬IE protein, indicating that the IE is required for CDK-sensitive proteasomemediated turnover of p107 (Fig. 6B) . Wild type RB was also destabilized during CDK4 inhibition, whereas RB lacking both the RBC NTer plus RBC Core (GFP-RB ⌬IE ) regions was refractory to PD0332991 influence (Fig. 6C) , suggesting that the IE plays a similar role for CDK4 regulation of RB. In contrast to endogenous p130, recombinant GFP-p130 was destabilized, not stabilized during CDK4 inhibition, and this destabilization was observed regardless of IE status (Fig. 6D ). This outcome suggests that an additional IE-independent pathway can contribute to p130 turnover. The differences in response to CDK4 inhibition for the endogenous and overexpressed p130 proteins also suggests that some turnover pathways are active only in one setting, perhaps dictated by additional regulatory phosphorylation events that affected endogenous p130 in this context.
Previous biochemical and structural studies of the C-terminal domains of the human RB family showed that these regions are important for interactions with the marked box domains of E2F-DP complexes (40, 49 -51) . A model of the p130 IE region in a complex with the marked box domains of E2F4 and DP1 was generated by homology modeling using the RB C-terminal domain bound to a heterodimer of E2F1 and DP1 (Fig. 7A ). In this model, the C-terminal portion of the IE harbors a sheetturn-helix motif that contacts the E2F4-DP1 complex, consistent with a potential role for the IE in repression. Interestingly, we noted that p107 (RBL1) and p130 (RBL2) harbor low frequency somatic mutations in cancer patients that map within the IE regions, as documented in the TCGA and COSMIC databases (cancergenome.nih.gov) (52) . These missense and nonsense mutations are found in carcinomas of the ovary, large intestine, endometrium, and pancreas. An additional independent study focusing on RBL2 found that mutations within the p130 IE were frequently observed in a cohort of lung adenocarcinomas (53), including missense mutations affecting lysine 1083. It is notable that comparable lesions have strong biological effects in Drosophila wherein Rbf1 bearing a homologous substitution at K1083 (K774R) caused severe developmental defects (31, 54) , suggesting that some mutations may play important roles in vivo. As also shown in Fig. 7A , the locations of cancer-associated RBL2 mutations map to different regions of the p130 structure, suggesting that these mutations may generate different effects, including modulation of E2F-DP interactions or potential E3 ligase association. We first tested whether cancer-associated point mutations can affect p130 stability by expression of the proteins in U2OS cells. Substitutions within the C-terminal portion of the ␣ helix (S1090I, I1092M) significantly enhanced p130 levels, comparable with the effect of mutating four conserved lysine/arginine residues in the adjacent but unstructured region of the IE. Other point mutations tested, including R1070G, N1079F, K1083R, and K1083T that map more proximal to the E2F4-DP1 dimer interface, had no effect on p130 steady state levels (Fig. 7B) . Thus, some IE-associated cancer mutations result in enhanced expression of p130 potentially due to disrupted E3 ligase binding.
We next tested whether deletion of the entire IE or amino acid substitutions within the IE regions from p107 and p130 can impact repression potency (Fig. 7, C and D) . Both wild type p107 and p130 repressed transcription driven by the CCNA2 reporter to levels ϳ50 -63% that observed for the control. This magnitude of repression is consistent with previously reported activities for p107 and p130 (34) but is not as profound as that reported for Drosophila Rbf1 (31, 33) . Removal of the IE or substitution of four conserved lysines/arginines with alanine significantly impaired repression activity for both p107 and p130, indicating that the IE in these mammalian homologs contributes to full repression potential. Consistently, truncation of the entire C terminus (p130-⌬C) significantly impaired repression, consistent with the role of the C terminus in nuclear localization and in mediating contacts with E2F4/DP (55). In contrast, none of the missense mutations within the p130-IE, as reported in human cancer samples, was significantly altered for repression of either the cell cycle regulated CCNA2 gene or the apoptotic TP73 reporter (not shown). We conclude that these particular point mutations are unlikely to critically affect transcriptional regulation of canonical E2F-DP target genes.
Discussion
The RB tumor suppressor family governs key steps in cellular proliferation through the transcriptional regulation of distinct genes associated with growth control (3, 4) . Phosphorylation of RB proteins by cyclin-CDK complexes in mouse and human ES cells was previously demonstrated to inhibit RB/E2F interaction with consequent effects on gene expression and cell proliferation (25, 26, 43, 56) . In this study we report that early steps during developmental regulation of the RB family in ES cells are additionally rendered through governance of subcellular localization. Specifically, RB and p107 accumulated in the nucleus during mouse ES cell differentiation mediated by concomitant LIF withdrawal and retinoic acid addition. This transition was concurrent with enhanced p107 and p130 association at select target genes. Promoter association by p107 and p130, but not RB in this developmental context, is similar to that observed in tissue culture experiments performed using T98G glioblastoma cells (5) . It is also interesting that p107 and p130 exhibited different behavior for promoter binding with some genes harboring only p107 and others harboring both p107 and p130. However, the functional significance of differential promoter association during ES differentiation remains to be determined. It should be noted that ES cells can undergo differentiation independently of RB family control (43) , and thus consequences for promoter-specific binding may depend upon additional cues, such as cell type and developmental context. These data point to two mechanisms governing activity of some RB family members during early development, one involving posttranslational regulation by the cyclin-CDK system and another involving control of subcellular localization.
Our data further indicate that RB family function in transcriptional repression is linked to increased repressor turnover. This connection was first suggested by observations that steady state levels of RB family members in ES cells were diminished during RA-induced differentiation and cell cycle attenuation. Our observations are also consistent with previous studies in mouse ES cells where total RB levels dropped in early G 1 after release from nocodazole blockade (24) . Taken together these observations suggest an intimate connection between cell cycle progression and RB protein levels in development. In response to RA, cellular mRNA levels encoding RB, p107, and p130 were either unaffected or were slightly increased, suggesting that changes in protein abundance during differentiation are influenced at a post transcriptional level, potentially involving regulated protein turnover. To understand the mechanism under-DP1 E2F4 lying RB family abundance, we tested the effect of proteasome inhibition on repressor levels in ES cells. However, these cells were extremely sensitive to MG132 treatment precluding direct assessment of RB family member half-lives. We, therefore, performed a biochemical structure-function study in a human osteosarcoma cell line that also maintains elevated CDK activity, analogously to that observed in ES cells. In this context, p107 and p130 turnover were indeed directed via a proteasomemediated pathway that involved the evolutionarily conserved instability elements located within their C-terminal regulatory domains. The primary sequences of the mammalian p107 and p130 IE regions are most similar, and both of these are clearly related to the prototypical IE initially identified within Drosophila Rbf1 (31). However, RB differs substantially in primary sequence throughout the IE. Nonetheless, structural studies have indicated that pocket proteins maintain secondary and tertiary conservation throughout this region (40) . We show herein that the corresponding region within RB also functions as an autonomously acting degron, suggesting that regulation of repressor stability via these C-terminal degrons represents an important and evolutionarily conserved component of global RB family control. Mammalian RB family members are differentially expressed during cell cycle progression (28, 29, 48) with rapid degradation of hyperphosphorylated p130 correlated with G 0 exit and cell cycle reentry. In contrast, p107 and RB levels tend to increase as cells progress toward S phase. Our studies showed that both wild type p107 and RB, but not mutant versions lacking the IE, are diminished by CDK4 inhibition and are consistent with a role of IE-mediated degron function in these cell cycle fluctuations. These findings are consistent with earlier observations wherein mouse ES cells ablated for the CDK2 inhibitor CDK2AP1 exhibited enhanced RB phosphorylation concomitant with increased RB abundance (57) . Together, these studies demonstrate a clear linkage between the onset of CDK regulatory activity in ES cells and inversely correlated changes in RB family activity and abundance.
Although the IE regions of RB, p107, and p130 share similar function in turnover control, the notable primary sequence divergence within these regions suggests that different E3 ligases participate in RB family turnover. We propose that these distinct IE regions provide regulatory flexibility for RB family responses to distinct cell signaling events. Such events may include differential responses to DNA damage or during regulated cell cycle progression. For example, the RBC NTer region can bind to the Mdm2 E3 ligase for targeted destruction of hypophosphorylated RB (45, 58, 59) . As noted, corresponding regions in p107 and p130 are only minimally conserved with RB, and these proteins are refractory to Mdm2 expression (59) . In contrast, proteolysis of p130, but not that of RB or p107, is dependent on the ubiquitin ligase activity of SCF Skp2 (28, 29) , which is minimally expressed during G 0 but peaks during S phase (60 -62) , suggesting that E3 availability also plays a significant role in turnover of specific family members. Although SCF Skp2 and Mdm2 have been suggested as E3 ligases for cell cycle and DNA damage-associated degradation of RB family proteins, the involvement of these ligases in turnover during ES cell differentiation remains to be established. It is interesting that the RB C-terminal domain is also sufficient for F-box protein Skp2 association, but in this case the RB-Skp2 interaction is mainly implicated in the regulation of p27 turnover (63) , suggesting a role for the RB-IE in non-autonomous protein turnover. We consider it likely that multiple E3 ligases participate in RB family regulation through differential contacts with the IE regions of the different RB family members.
Our study has additionally uncovered an intriguing aspect of mammalian RB regulation, namely that the sequences guiding repressor instability physically overlap with regions that are important for transcriptional repression. The inability of mutant p107 and p130 lacking the IE to fully engage in transcriptional repression is consistent with biochemical studies that have demonstrated a role for the IE in intermolecular contacts with the coiled coil-marked box regions of E2F1-DP1 complexes (Ref. 40 ; see also Fig. 7 ). In this regard our observations with the RB family of repressor proteins are similar to the intimate association of degrons within the activation domains of potent transactivator proteins, such as E2F1 and c-Myc (64), regulatory factors that control critical steps in cellular proliferation. A common theme emerges from these studies that key activators and repressors governing cell fate outcomes are inherently engineered. with limitations on their life span through turnover by the ubiquitin-proteasome system. Depending upon how the RB family interacts with distinct E2F-DP complexes, the interesting possibility arises that FIGURE 7 . p130 IE activity in repressor potency and stability are biochemically separable functions. A, model of the human p130 IE in a complex with E2F4-DP1. Homology model of the p130 C terminus (residues 1035-1113, red) in complex with the coiled coil-marked box domains from E2F4 (residues 94 -198, light green) and DP1 (residues 199 -350, dark green) was generated using the crystal structure of the RB C-terminal domain bound to an E2F1-DP1 heterodimer as an template (PDB code 2AZE; Ref. 40) . The N-terminal portion of the p130 IE is unstructured in this model (dashed red line), whereas the C-terminal portion of the IE harbors a sheet (residues 1071-1077)-turn-helix (1083-1093) motif. The positions of some amino acid residues altered in human cancer patients are indicated (documented in COSMIC-S1090I, TCGA-23-1118-01; I1092M, TCGA-AA-3864-01; R1093H, TCGA-AA-A01Q-01; R1093C, TCGA-D1-A15W-01A-11D-A122-09). In all cases, these mutations are rare, occurring at a frequency if Յ0.3%. Additional mutants (R1070G, 2/14 cases; N1079F, 2/14 cases; K1083R, 4/14 cases; K1083T, 1/14 cases) are based on the study presented in Ref. 53 . Residues highlighted in yellow (Asn-1079, Lys-1083) are located toward the N-terminal region of the ␣-helix, whereas residues highlighted in blue (Ser-1090, Ile-1092, Arg-1093) are located within the C-terminal region of this helix. B, cancer-associated IE mutations have variable effects on p130 levels. Anti-GFP Western blot (IB) analysis was performed on U2OS cells transfected with plasmids expressing either wild type GFP-p130 or mutant versions harboring single point substitutions, as indicated. In two replicates, GFP-130 containing the S1090I and I1092M substitutions was expressed 2.2-and 1.7-fold greater than the wild type (n ϭ 2). Vertical dashed lines indicate positions where the image had been cut to rearrange the order of lanes. C, the p130 IE is required for full repression potency. Luciferase reporter assays were performed in the presence of wild type or mutant versions of GFP-130, as indicated, testing repression of the human CCNA2 luciferase reporter. Wild type GFP-p130 repressed transcription by 63% as compared with GFP alone. GFP-p130 4KR-A , GFP-p130 ⌬IE , and GFP-p130 ⌬C were significantly less effective than wild type GFP-p130 (n ϭ 8; *, p Ͻ 0.05). None of the IE mutations reported in human cancers statistically altered the repression of CCNA2 reporter by GFP-p130. D, the p107 IE is required for full repression potency. Luciferase reporter assays were performed in the presence of wild type or mutant versions of GFP-107, as indicated, testing repression of the human CCNA2 luciferase reporter. Wild GFP-p107 repressed transcription by 50% as compared with GFP alone. Both GFP-p107
4KR-A and GFP-p107 ⌬IE were significantly less effective than wild type GFP-p107 (n ϭ 5; *, p Ͻ 0.05).
IE-E2F-DP engagement may reciprocally influence interactions with E3 ubiquitin ligases. In one model, E2F-DP complexes compete with E3 ligase for access to IE surfaces. In an alternative cooperative model, IE interactions with E2F complexes may portend engagement with E3 ubiquitin ligases. This latter model is supported, in part, by our data showing that the steady state levels of p107 and RB are diminished by cyclin D-CDK4 inhibition, a process that also licenses these pocket proteins for E2F-DP interactions and target gene engagement. Moreover, some cancer-associated p130 mutants tested in the current study showed increased steady state expression without significant effects on CCNA2 repression in vitro, suggesting that E3 binding and E2F-DP engagement are biochemically separable. Although ineffectual for perturbation of p130-mediated repression in this context, it remains possible that in vivo these mutations are associated with deregulation of other, as yet uncharacterized classes of target genes with significant effects on cellular physiology (6, 65) . We note that in the developing Drosophila embryo, Rbf1 associates with many genes involved in cell signaling and metabolism (66) , and similar categories of genes may likewise become deregulated during human cancer progression in cells lacking IE function. In flies, expression of Rbf1 lacking the IE enhanced DNA replication in vitro (67) and drove increased organ size when expressed in a tissue-specific manner during development (54), suggesting a critical role for IE function in developmental and proliferative pathways.
